A dramatic 15-fold increase in uterine blood flow in pigs occurs during pregnancy in association with marked increases in uterine arterial (UA) diameter. This study was conducted to determine UA collagen and elastin content, diameter, al-and a~-adrenergic receptor (AR) numbers, norepinephrine (NE) and in vitro reactivity to phenylephrine on d O, 20, 50, 80 and 110 of pregnancy in the pig. Uterine arterial collagen content declined progressively throughout pregnancy (P < .01), whereas the content of elastin remained constant from d 0 to d 80, then increased (P < .05) from d 80 to d 110. The UA collagen to elastin ratio was correlated with UA diameter (r = -.69;P < .01), which increased from 4.5 mm on d 0 to 9.0 mm on d 110. Uterine arterial aI-AR numbers remained low and constant throughout pregnancy, consistent with its retained ability to contract in response to phenylephrine. Uterine arterial NE content declined (P < .05) from d 20 to d 80 before increasing slightly to d 110. Uterine arterial a2-AR numbers remained high from d 0 to d 80 before decreasing (P < .05) to low values on d 110. These data are consistent with a reduced adrenergic neuronal control and increased elasticity of the UA during pregnancy in the pig.
Introduction
suggested that increased diameters of arteries supplying uterine tissues during pregnancy in the guinea pig were due to changes in nonmuscular elements of arterial wall and that estrogen may mediate these effects. Collagen and elastin make up a substantial portion of the dry weight of the arterial wall and determine its passive tension (Fischer and Llaurado, 1966) . Collagen fibers I Journal Paper J-12579 of the Iowa Agric. and Home Econ. Exp. sta., Ames. Proj. 1994 , 2443 and 2444 ; supported in part by U.S. Public Health Service Grant HD06380.
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Received March 14, 1988 . Accepted June 12, 1988 are rigid and resist arterial expansion, whereas elastic fibers facilitate vessel compliance (Dellmann and Brown, 1978) . Despite increase in arterial diameter during pregnancy, sensitivity of uterine arterial vasculature to contractile effects of circulating catecholamines remains high (Rosenfeld et al., 1987; Anderson et al., 1977; Shnider et al., 1979) . During pregnancy in the pig, uterine blood flow (UBF) increases markedly from d 20 until term (Hard and Anderson, 1982; Ford et al., 1984) , in concert with a progressive rise in placental estrogen secretion (Robertson and King, 1974) . Estrogens stimulate marked increases in UBF in the pig (Dickson et al., 1969) . Furthermore, long-term exposure to estrogen reduces the ratio of collagen to elastin in the arterial wall (Fischer and Swain, 1977) .
This study was conducted to quantify collagen and elastln content, vessel diameter, a 1-and a2-adrenergic receptor (AR) numbers, norepinephrine (NE) content and in vitro contractility to phenylephrine in uterine arteries to relate these changes to concentrations of es-trogen and progesterone throughout pregnancy in the pig.
Materials and Methods
Twenty-five nulliparous Yorkshire gilts were assigned randomly to be slaughtered on d 0 (n = 4), 20 (n = 4), 50 (n = 6), 80 (n = 6) or 110 (n = 5) of pregnancy. Gilts were mated to an intact boar on the 1st d of behavioral estrus (d 0). Pregnancy was verified by examining the contents of each uterine horn for conceptuses. Immediately before slaughter, blood was obtained from the cranial vena cava of each gilt, and the plasma was frozen at -20~ until assayed for estrone, estradiol-17/3 and progesterone. Radioimmunoassay of each steroid was exactly as described and validated previously in this laboratory (Magness and Ford, 1982) . For each steroid, all plasma samples were analyzed in a single assay. Sensitivities of the assays, defined as the amount of standard that yielded 95% of the counts/minute in the buffer control tubes, were approximately 50 pg for progesterone and 5 pg for estrone and estradiol-173. The intrassay CV were 6.5, 5.4 and 9.2% for progesterone, estrone and estradiol-17~, respectively.
Although both estrone and estradiol-17/~ were quantitated in each plasma sample after separation and partial purification on Sephadex LH 20-100 columns and exposure to a nonspecific estrogen antiserum (S-310#5) as previously described (Magness and Ford, 1982) , only the arithmetic sum of these two steroids is reported in the text and referred to as estrogen. This use of the arithmetic sum was deemed by the authors as acceptable because both estrogens followed the same pattern throughout pregnancy and together constitute the majority of the circulating unconjugated estrogens during pregnancy in the pig.
At slaughter, three adjacent 3.5-cm segments of the middle uterine artery supplying one uterine horn were excised immediately prior to the first bifurcation in the mesometrium. Two segments were placed into a container of oxygenated (95% 02, 5% CO2), Krebs-Ringer solution (22~ millimolar composition = NaC1, 118.1; NaHCOa, 25.0; KC1, 4.7; CaC12o6H20, 2.5; KH2PO4, 1.2; MgSO4.7H20 , 1.2;glucose, 11.1) for use in an arterial perfusion system 9 Another segment was maintained in the same Krebs-Ringer solution until processing for the collagen and elastin hydroxyproline assay. The remaining uterine arterial tissue within the mesomettium of both horns was excised and placed in a vial containing .9% saline and immediately frozen on dry ice. This arterial tissue was stored at -80~ until assayed for al" and ~2-AR numbers and NE contelat.
In addition, a section of the left gastroepiptoic artery immediately adjacent to the spleen (extension of the splenic artery, which carries blood from the spleen to the stomach) was removed and dissected free of connective tissue, and two adjacent 3.5-cm segments were utilized for in vitro perfusion and for determination of collagen and elastin content, respectively. The remaining arterial tissue was used to quantify al-AR , a2-AR and NE as described for the uterine artery. This artery was chosen for the systemic control vessel throughout pregnancy because of its absence of side branches and its diameter, which, on d 0, was similar to that of the uterine artery.
Collagen and Elastin Assay. After removal from the animal, a segment (-----500 mg) of the uterine artery and of the left gastroepiploic artery were finely minced in vials containing 2 ml of Krebs-Ringer solution and incubated at 90~ for 12 to 15 h. Water content (%) was calculated as arterial wet wt-dry wt/wet wt • 100. Dried arterial tissue was incubated sequentially in 1) 5 ml of acetone for 6 h, 2) 5 ml of acetone for 18 h and 3) 10 ml of ethyl ether for 9 9 O 24 h. Tissue was dried for 6 h at 90 C and reweighed. Although total fat is not removed from the tissue, this standard laboratory procedure extracts sufficient fat to give a reproducible dry weight, (Fischer and Llaurado, 1966) . With this reservation, and for simplicity when expressing results, the term "dry defatted tissue" will be used. Collagen and elastin were separated and hydroxyproline concentrations were determined in duplicate 10-mg samples of each dry defatted tissue as described originally by Neuman and Logan (1950) and modified by Fischer and Llaurado (1966) . To obtain the quantity of collagen and elastin, the hydroxyproline content was multiplied by factors of 7.4 and 66.7, respectively. The hydroxyproline content of collagen from various mammalian species is 13.5%, whereas the hydroxyproline content of pig elastin is 1.5% (Newman and Logan, 1950) . A pool of uterine arterial tissue from a sow 70 d pregnant was included in several assays to determine interassay variation. Means + SE (%) and CV were 39.5 + .7 (CV = 5%, n = 6) for collagen as a percentage of dry defatted tissue weight and 9.5 + .7 (CV = 13%, n = 4) for elastin content as a percentage of dry defatted tissue weight, respectively.
Adrenergic Receptor Quantitation. Alpha 1-and a2-AR in membranes prepared from the uterine and left gastroepiploic arteries were characterized by using the al-selective antagonist, [3H] prazosin 6 (82 Ci/mmol) and the a2-selective antagonist, [a Hi rauwolscine 6 (88 Ci/mmol) by a modification of the methods previously described (Farley et al., 1984a,b) . Membrane-rich particulate fractions were obtained from pulverized vessels as described, but membrane preparations were stored in the presence of glycerol (10%, v/v) at-70~ at a protein concentration of approximately 8 mg/ml until the time of assay, when they were thawed and diluted to 1.5 to 3.0 mg/ml with Tris-HC1 buffer (.05 M, pH 7.6) containing 1% ascorbate. [a H] prazosin was used instead of aHWB4101 because of its higher specific activity and absence of a filter blank. Binding in the presence of 10 /~M phentolamine was defined as nonspecific in both assays.
Binding of [aHlrauwolscine to porcine arterial membranes was rapid and saturable with time, reached equilibrium within 10 min and showed no evidence of a two-site fit by iterative curve fitting analysis (Murlas et al., 1982) . The specific binding of [aH] prazosin to arterial membrane fractions also was saturable at low concentrations, indicating a high affinity, and Scatchard analysis revealed a linear plot, suggesting a single class of binding sites. Typical Bmax, KD, and R 2 values determined from Scatchard analysis of saturation curves for 0~2-AR were 63 fmol/mg, 4.3 nM and -.98, respectively; for al-AR these values were 13 fmol/mg, .4 nM and -.98, respectively.
Competition by agents selective for either an a 1-or an a2-AR demonstrated that both [a H] prazosin and [a H] rauwolscine were binding to their respective 0t-AR subtype. The magnitude of antagonist potency differences (> 1,000-fold) indicates that both radioligands used in this study exhibit a high degree of selectivity and do not bind to a common site in porcine arterial membranes.
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Extraction and Quantification of Tissue
Norepinepbrine. Tissues for NE analysis were stored at -80~ until assayed by using HPLC with electrochemical detection (HPLC-EC) ~ as described previously (Van Orden et al., 1982) . The minimum detectable quantity of NE was 25 pg. The variation between replicate extractions of a tissue pool was 8% (SE).
In Vitro Vessel Perfusion. Uterine and left gastroepiploic arterial segments were prepared for perfusion as described previously (Stice et al., 1987) . Arterial segments were perfused both intraluminally and extraluminally with 37~ oxygenated Krebs-Ringer solution by using a Harvard infusion pump. The extraluminal flow rate was maintained at 10 ml/min. The intraluminal perfusion rate was held constant at 40 ml/min throughout the perfusion of each artery, and a resistance was applied to the arterial outflow to adjust each artery's intraluminal pressure to either 20 mmHg (uterine only) or 100 mmHg (uterine and gastroepiploic). Arterial segments were allowed a 30-min equilibrium period to establish a baseline perfusion pressure (BPP) by periodically adjusting the outflow resistance. Once established, this BPP remained constant for the duration of perfusion. Arterial diameter was determined at 20 mmHg and 100 mmHg using a stainless steel ruler secured immediately adjacent to the arterial segment. After equilibration, each arterial segment received a 5-rain exposure to 100 /ag/rnl phenylephrine hydrochloride s, a specific al-AR agonist, into the intraluminal flow. This dose of phenylephrine was determined from preliminary experiments to maximally constrict both uterine and gastroepiploic arterial segments in vitro. The maximal increase in pressure above BPP was recorded after each exposure to phenylephrine with Statham pressure transducers and was depicted on a chart recorder. Wolensky and Glagov (1964) demonstrated that at a BPP well below diastolic values, the passive tension of the arterial wall depended solely on its elastin content, due to elastin's relatively low modulus of elasticity, whereas at a BPP equivalent to diastolic pressure it reflected both the collagen and elastin content of the arterial wall. Uterine arterial segments in this study were maintained at a BPP well below (20 mmHg) or equivalent to (100 mmHg) diastolic values for the pig (Spector, 1956) to prevent the changing collagen content of the uterine arterial wall from obscuring vascular smooth muscle response to phenylephrine. Due to the relatively constant diameters and connective tissue content of the gastroepiploic artery throughout pregnancy, BPP was maintained at 100 mmHg only.
Statistical Analysis. Differences in uterine arterial collagen and elastin were evaluated by one-way ANOVA, as were differences in NE content and ~z-and au-AR numbers (Fryer, 1966) . A factorial ANOVA was used to evaluate day differences in contractility to increasing doses of phenylephrine. Differences between means were tested for significance by orthogonal contrasts. Correlations between measured variables also were determined.
R esu Its
Water content of the uterine and gastroepiploic arteries remained constant throughout pregnancy, averaging 81.0 + .1% and 72.0 + 2.0%, respectively. Uterine arterial collagen content decreased (P < .05) progressively from 39.7 + 3.7% on d 0 to 23.8 -+ .8% on d 80 (Figure 1 ). The apparent increase in collagen content from d 80 to d 110 was the result of one arterial segment that had a markedly elevated collagen content. In contrast, uterine arterial elastin content remained relatively constant from d 0 (7.3 -+ .9%) through d 80 (6.4 + .1%) and then exhibited a small but significant (P < .05) rise from 80 to d 110 (10.7 +-.9%; Figure 1 ). As a result of these changes in uterine arterial connective tissue content, the ratio of collagen to elastin in the arterial wall declined progressively from d 0 to d 110, as depicted in Figure 2 . In association with this declining ratio of collagen to elastin, uterine arterial diameter at 20 and 100 mmHg intraluminal pressure, respectively, increased from d 20 (2.5 + .1 and 4.6 + .7 mm) to d 110 (4.9 -+ .3 and 9.0 -+ .1 ram; Table 1 ). Uterine arterial diameter was correlated with the collagen to elastin ratio in the arterial wall at a BBP of 100 mmHg (r = --.69;P < .01) but not at 20 mmHg (r = -.09; not significant). The gastroepiploic artery exhibited no changes in collagen or elastin content throughout pregnancy in this study, averaging 28.6 + 2.0% and 9.3 + .6% dry defatted arterial weight, respectively. Further, this artery maintained a constant diameter at a BPP of 100 mmHg that averaged 4.4 -+ .1 mm throughout gestation (data not shown).
Uterine (Table 1 ). In contrast, the responsiveness of uterine arterial segments maintained at 100 mmHg to phenylephrine declined markedly (P < .05) from d 20 to d 50 and then exhibited a small progressive decline to term (Table 1) . The progressively declining responsiveness of uterine arterial segments maintained at a BPP of 100 mmHg to phenylephrine throughout pregnancy was correlated positively with the collagen to elastin ratio in the arterial wall (r = .74;P < .001).
Numbers of a2-AR (fmol/mg protein) on the uterine artery remained relatively constant from d 0 (55.3 + 11.3) to d 80 (55.1 + 11.6; Figure 3 ) and were greater (P < .01) than the numbers of al-AR observed throughout this interval on the same vessels. From d 80 to d 110, a2-AR numbers decreased markedly (P < .05) to 29.7 -+ 5.2 fmol/mg protein, which is similar to the numbers of uterine arterial al-AR observed on that day. Numbers of a 1-AR on the gastroepiploic artery were similar to those observed on the uterine artery and remained relatively constant throughout pregnancy, averaging 23.5 +-3.0 fmol/mg protein. Similarily, the responsivensss of the gastroepiploic artery (BPP = 100 mmHg) to 100 #g phenylephrine also remained relatively constant throughout pregnancy (98 -+ 17 mmHg). In contrast, a2-AR numbers on the gastroepiploic artery, although remaining constant throughout pregnancy, were markedly less (P < .01) than those observed on the uterine artery, averaging 19.4 -+ 2.0 fmol/mg protein (data not shown).
Uterine arterial NE content (pg/mg wet wt; . The NE content of the gastroepiploic artery was constant throughout pregnancy, averaging 901.8 + 81.5 pg/mg wet weight, and was markedly greater (P < .01) than that observed in the uterine artery on all days examined.
Progesterone (ng/ml) in systemic blood increased markedly (P < . 
Discussion
These data clearly demonstrate a decrease in the collagen to elastin ratio in the uterine artery during pregnancy, which was correlated positively with the observed increase in arterial diameter at physiological pressures. No similar connective tissue changes were observed in the gastroepiploic arteries, suggesting that changes in uterine arteries were mediated locally. Furthermore, a positive correlation between estrogen concentration and uterine arterial diameter at 100 mmHg suggests that increasing estrogenic exposure may induce these changes. Previous studies from our laboratory (Magness and Ford, 1982) demonstrated that lymphatic vessels transport conceptus-produced estrogens from the uterus. Further, these lymphatic vessels are in close apposition to the uterine arterial vasculature (Hoggan and Hoggan, 1882) and may expose these arteries to high levels of placental estrogens in a locally restricted manner. In support of this association, estrogen administration reduces the collagen to elastin ratio in the walls of systemic arteries (Fischer and Swain, 1977; Cox and Fischer, 1978) by increasing collagen degradation (Fischer, 1972) and decreasing collagen synthesis (Beldekas et al., 1981) . The correlation between estrogen concentrations and uterine arterial diameter at 20 mmHg may reflect an additional effect of estrogen on vessel growth.
The failure of uterine arterial a l -A R numbers to change throughout pregnancy, and the unaltered ability of uterine arterial segments, at a BPP of 20 mmHg, to contract to response to phenylephrine suggests a maintained sensitivity of uterine arterial smooth muscle cells to circulating catecholamines. As discussed previously, the change in collagen content of the uterine arterial wall observed in this study would not be expected to affect responsiveness to phenylephrine at a BPP of 20 mmHg. This is consistent with the observation that uterine arterial diameter at a BPP of 20 mmHg was not associated with collagen content or the collagen to elastin ratio. At or above physiological pressures (BPP = 100 mmHg), collagen fibers, which have high tensile strength and a relatively high modulus of elasticity, bear most of the stressing force (Wolinsky and Glagov, 1964) . The progressive reduction in responsiveness of uterine arteries maintained at a BPP of 100 mmHg to phenylephrine throughout pregnancy may result, in part, from the progressive decline in collagen content. In support of this hypothesis, in vitro responsiveness of the uterine artery to phenylephrine throughout pregnancy was correlated with its collagen content as well as the collagen to elastin ratio.
Concentration of NE in arterial tissue has been used as a quantitative measure of innervation density (Bevan et al., 1980) , as has the ratio of NE to ~I -A R numbers (Bobik, 1982) . With the use of these criteria, the density of sympathetic innervation is greater for the gastroepiploic (2900 pg NE/mg wet wt) than for the uterine artery. In addition, uterine arterial NE declines from d 20 (~-240 pg/mg wet wt) to d 80 (2-----120 pg/mg wet wt) of pregnancy, whereas levels in the gastroepiploic artery remain relatively constant. These data suggest a changing adrenergic innervation of the uterine arterial vasculature, but not of the systemic vasculature, during pregnancy.
Alpha1-and a2-AR have been reported on the vascular smooth muscle membrane. Numer-ous reports have concluded that in vascular smooth muscle, the al"AR is located within the synaptic cleft and mediates the contractile response to neuronal release of NE and that the a2-AR lies outside the cleft and mediates contractile responses to circulating catecholamines (Langer et el., 1980 ." Homburger et al., 1981 Langer and Shepperson, 1982; Bobik and Anderson, 1983 ). Alpha2-AR on endothelial cells also have been postulated to mediate release of a vasodilator substance in response to bloodborne or locally released catecholamines (Furchgott and Zawadzki, 1980) .
In common with most other hormone and neurotransmitter receptors, a2-AR numbers appear to be regulated by changes in neural NE concentrations (Bylund and U'Prichard, 1983) . Up-regulation occurs as a result of diminished presynaptic function (e.g., depletion of NE) with 6-hydroxydopamine (U' Prichard and Snyder, 1977) or reserpine (U' Prichard and Snyder, 1978; Bylund and Martinez, 1980) . Estrogen also has been shown in several reports to increase a2-AR numbers in uterine tissues (Roberrs et al., 1977; Williams and Lefkowitz, 1977) . Although the function or location of the ~z-AR within the arterial tissues cannot be determined from the present study, the markedly greater populations of a~-AR on the uterine arteries than on the gastroepiploic artery from d 0 to d 80 suggest a physiological role for these receptors within the gravid uterine vasculature.
From d 80 to d 110, uterine arterial NE content had begun to increase in association with declining numbers of a2-AR. These data are consistent with a return of sympathetic neuronal control and a reduced sensitivity of the vasculature to circulating catecholamines as parturition approaches (-------114 d in the pig). The failure of a 1 -AR numbers to vary in the uterine artery throughout pregnancy may result from the maintenance of elevated systemic progesterone levels observed from d 20 to d 110 in this study. Progesterone previously has been shown to stimulate increased uterine arterial al-AR numbers in ovariectomized pigs (Ford and Stice, 1985) .
In summary, these data are consistent with a progressively reduced adrenergic neural control and increasing elasticity of the uterine arterial vasculature with the advancement of pregnancy in the pig. As the time of parturition approaches, the progressive pregnancy-induced changes in sympathetic innervation density of the uterine arterial wall appear to be reversed.
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